The host-guest chemistry between a series of anionic MOFs and their trapped counterions was investigated by single crystal XRD. The PCN-514 series contains crystallographically identifiable metal complexes trapped in the pores, where their formation is controlled by the size and shape of the MOF pores. A change in structure and pore size in PCN-518 indicates that the existence of guest molecules may reciprocally affect the formation of host MOFs.
The study of host-guest chemistry has attracted an enormous amount of attention in the past few decades. [1] [2] [3] Due to their structural diversity and convenient association and dissociation of guest molecules by non-covalent interactions, host-guest compounds can be potentially applied in many areas, including molecular recognition, [4] [5] [6] reaction capsules, [7] [8] [9] small molecule structural determination, [10] [11] [12] sensors, [13] [14] [15] biological applications, [16] [17] [18] and many others. Clathrate compounds [19] [20] [21] are a unique category of host-guest complexes that consist of completely encapsulated guest molecules residing in the cages formed by the crystal lattice of host molecules. Due to their crystalline nature, crystallographic tools can be conveniently applied to their structural study, for the purpose of understanding the host-guest interactions of these compounds.
The utilization of a host compound with cavities of definite size and shape, for the purpose of selective inclusion of guest molecules, is of vital significance for successful design of host-guest systems. 22 Many porous media with intrinsic cavities or openings, including cyclic compounds, [23] [24] [25] self-assembled molecular cages, [26] [27] [28] zeolites, [29] [30] [31] hydrogen-bonded frameworks, 32 and metal-organic frameworks (MOFs), [10] [11] [12] 33 have been utilized for the construction of host-guest complexes. Different from traditional porous materials, MOFs exist as 3D coordination networks consisting of metal-containing units and organic linkers. [34] [35] [36] They have widespread potential applications, such as energy storage, separation process, carbon capture, catalysis, luminescent materials, and biomedical applications. [37] [38] [39] With regards to host-guest chemistry, MOFs appear to be very promising host materials due to their large porosities, customizable cavities, and crystalline nature. For simplicity, in this manuscript, we use the term "MOF clathrates" to describe any MOF-related host-guest compounds in which discrete guest molecules enclosed by MOF cavities are in ordered arrangements throughout the entire framework and can be studied by crystallographic methods. Due to their crystalline nature, MOFs consist of uniform cavities in ordered and periodical arrangements throughout the 3D space with a long-range regularity. Upon incorporation of guest molecules that possess appropriate interactions with specific, tunable features in MOF pores, they are likely to adopt a particular or preferred conformation and orientation in correspondence with the size, shape, polarity, and alignment of the MOF cavities. This will significantly facilitate the formation of the MOF clathrates. Nevertheless, the single-crystal X-ray diffraction (XRD) studies on these compounds are still rare, 40 presumably due to the lack of appropriate host-guest interactions between MOFs and the guest molecules. In fact, the guest molecules incorporated in MOFs can rarely be observed by X-ray crystallography. 10 In recent years, the Fujita group has reported a series of MOFs as "crystalline sponges". Attributable to the high affinity and molecular-recognition ability of the cavities to the target molecules, the molecules absorbed by these MOFs can be regularly placed throughout the MOF lattice, where the molecular structure of these guest molecules, along with their host frameworks, can be conveniently determined by single crystal XRD. [10] [11] [12] In this work, we report a series of MOF clathrates with incorporated metalcomplexes as guest molecules. In these MOFs, all the guest metalcomplexes are formed in situ, and are incorporated into the host framework via Coulombic interactions. Unlike the "crystalline sponge" nature of Fujita's work, the MOFs utilized in this work serve as "reaction containers", where the formation of the encapsulated metal-complexes is controlled by the size, shape, and electric charge of the cavities of the host MOF. These metalcomplexes are otherwise not likely to form without the presence of the host framework.
A host MOF that is suitable for the formation of MOF clathrates should possess several distinctive attributes. First, this MOF should possess cavities with an appropriate size. These cavities should be adequately large to contain the guest molecules. Nevertheless, excessive large pores are likely to reduce their host-guest interactions. Second, MOFs with low-symmetry cavities are usually more suitable for obtaining a crystallographic image of the guest molecules. Spherical-shaped cavities are typically not preferred because the isotropic host-guest interactions are more likely to result in crystallographic disorders inside the cavities. Low symmetry cavities are more likely to render a preferred alignment orientation for the guest molecules. Third, proper host-guest interactions, such as Coulombic attraction, hydrogen bonding, and π…π interaction, will facilitate the ordered arrangements of guest molecules inside the MOFs.
PCN-514 (PCN represents "Porous Coordination Network") appears to be a promising host for making MOF clathrates. 41 It is an ionic framework consisting of an 8-connected trinuclear cadmium cluster (Figure 1 (a) ) connected by a tetratopic ligand, TCPS (TCPS=4,4′,4′′,4′′′-tetrakiscarboxyphenylsilane), in 1:2 ratio. It crystallizes in a triclinic space group P ͞ 1, exhibiting a fluorite (flu) topology 42 with a solvent accessible volume 43 of 52.40%. It possesses a unique type of cavity with a diameter of 8.4 Å. This cage possesses C i symmetry with an inversion center located in the geometric center. It is surrounded by four TCPS ligands connected to four trinuclear cadmium clusters. (Figure 1 (b) and (c)) It is this cage that controls the formation of a variety of cadmium complexes at different solvothermal conditions. Due to its anionic nature and the appropriate pore size, unanchored Cd complexes with coordinating solvents can form inside this cage as counterions of this MOF. The vast majority of previously discovered anionic MOFs typically contain alkylammonium cations that originate from the decomposition of the reaction solvents as their counterions. Examples of the in situ formation of positively charged metalcontaining coordination complexes that fill the MOF cavities to serve as the counterions still remain scarce. 44, 45 It is even rarer that the metal complexes filling the MOF cavities can be crystallographically identified by single crystal XRD studies. In fact, two of these metal-complex-incorporated MOFs were already reported by our group. 41 Nevertheless, their host-guest chemistry remains completely undiscussed in the previous manuscript. Herein, we would like to provide a systematic study on the host-guest chemistry of the PCN-514 series, and illustrate how the utilization of different solvents will result in the formation of different metal complexes with the assistance of MOF cavities.
The anionic framework PCN-514 can be generated in a variety of solvothermal conditions. Different metal complexes will form when different solvents are used, while the formation of these trapped metal complexes is controlled by the size and shape of the cavities of this MOF. All these metal complexes consist of a Cd ion and six coordinating solvent molecules. When bulkier solvents are used, a decreasing number of bulky solvents are observed to coordinate to the metal. (See Figure 2) When DMF (N,N-Dimethylformamide) was used, the resulting complex consists of one Cd ion and six DMF molecules, yielding a [Cd(DMF) 6 ] 2+ cation residing in the center of each cavity of this framework. When a bulkier solvent, DMA (N,NDimethylacetamide), was used, the [Cd(DMA) 4 2+ was observed. In other words, it is the MOF cavities that control the formation, size, and the coordination chemistry of the trapped Cd complex. Single crystal XRD study reveals that all these Cd complexes possess C i symmetry with an inversion center located on the Cd metal ion, which is consistent with the symmetry of their host cages. Further exploration of the utilization of bulkier solvents has led to the discovery of a novel MOF, designated as PCN-518. Single crystal XRD studies reveal that it crystallizes in a monoclinic group C2/c. Similar to the PCN-514 series, it is also an anionic MOF that possesses the same Cd clusters (Figure 1 (a) ) linked by the TCPS ligand. Nevertheless, even though the cluster of PCN-518 is the same (an 8-connected trinuclear Cd cluster) as that of PCN-514, the connectivity of this cluster is different. (Figure 3 (a) ) This has resulted in the formation of a topologically different framework, which contains the Cd 3 cluster and the tetrahedral ligand in 1:2 ratio to exhibit an alb/P topology. 41, 46 Interestingly, this framework does not contain any metal complexes as counterions. Instead, it is expected to contain alkylammonium cations trapped in its pores as counterions, which cannot be investigated by crystallographic tools due to their disordered nature. The solvent accessible volume 43 of PCN-518 is 48.90%. The diameter of its largest cavities is 6.4 Å (Figure 3 (b) ), which is significantly smaller than that of PCN-514. It should be noted that the formation of the PCN-518 framework with trapped Cd-DEF complexes were not observed under this solvothermal condition, presumably because the PCN-518 cavity is too small for any type of Cd-DEF complexes to fit. Without the presence of the bulky metal-solvent complexes, the formation of PCN-518 is more energetically favored, because the smaller cavities of PCN-518 will significantly enhance the host-guest interaction by increasing the Coulombic attraction between the alkylammonium cations and the host framework. This illustrates a rare example indicating that the existence of guest molecules can reciprocally affect the formation of host frameworks. 
Conclusions
In summary, we have reported a series of anionic Cd MOFs in this work. Their host-guest chemistry was investigated by single crystal XRD. The PCN-514 series contains metal-solvent complexes that are generated in situ as counterions. They are rarely seen examples of MOF clathrates where their incorporated metal-complexes can be crystallographically identified. The formation of these metalcomplexes is controlled by the size and shape of MOF cavities, where these reactions are otherwise not likely to happen without the host framework. PCN-518 is a topologically different framework without any metal-solvent complexes. It indicates that the formation of host frameworks may be reciprocally controlled by the presence of these metal-solvent complexes as well. Furthermore, this work has provided some insights in designing MOF-related host-guest systems, where their mutual interactions can be conveniently studied.
